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We give an overview of recent progress into the infrared structure of QCD based on the
gauge/gravity correspondence and light-front quantization, where the color confining interaction
for mesons and baryons is determined by an underlying superconformal algebraic structure. This
new approach to hadron physics gives remarkable connections and predictions across the entire
mass spectrum of hadrons and also describes the infrared behavior of the strong coupling. More
recently, an extensive study of form factors, polarized and unpolarized parton distributions and the
sea quark contribution to the nucleon has been carried out by extending the holographic formalism
to incorporate the nonperturbative structure of Veneziano amplitudes. Contribution to the report
“Strong QCD from Hadron Structure Experiments Jefferson Lab Workshop, 5-9 November, 2019.
PACS numbers: 13.66.Bc, 13.66.De, 12.38.Bx
Recent insights into the nonperturbative structure of
QCD based on the gauge/gravity correspondence and
light-front (LF) quantization, light-front holography for
short [1], have lead to effective semiclassical bound state
equations for mesons and baryons where the confinement
potential is determined by an underlying superconfor-
mal algebraic structure [2–4]. The formalism provides
a remarkably first approximation to QCD, including its
hidden supersymmetric hadronic features. The result-
ing light-front wave equation allows the familiar tools
and insights of Schro¨dinger’s nonrelativistic quantum me-
chanics and the Hamiltonian formalism to be applied to
relativistic hadronic physics [5–7]. It should be noted
that supersymmetry in this approach is supersymmetric
quantum mechanics [8] and refers to bound state wave
functions and not to elementary quantum fields.
Our work in this area can be traced back to the orig-
inal article of Polchinski and Strassler [9], where the ex-
clusive hard-scattering counting rules [10, 11] were de-
rived from the warped geometry of Maldacena’s five-
dimensional anti-de Sitter AdS5 space: The hadron in
elastic scattering at high momentum transfer shrinks to
a small size near the AdS boundary at z = 0 where the
dual space is conformal (z is the fifth coordinate of AdS
space). Hadron form factors (FFs) look very different in
AdS space [12] or in physical spacetime [13, 14]: One can
show, however, that a precise mapping can be carried out
at Dirac’s fixed light-front time [15] for an arbitrary num-
ber of partons [16]. As a result, the impact parameter
generalized parton distributions [17, 18] are expressed in
terms of the square of AdS eigenmodes, provided that the
invariant transverse impact variable ζ for the n-parton
bound state is identified with the holographic variable z.
For a two-parton system, ζ2 = x(1 − x)b2⊥, the AdS
modes are mapped directly to the square of effective
light-front wave functions (LFWFs) which incorporate
the nonperturbative pole structure of FFs [16]. Similar
results follow from the mapping of the matrix elements
of the energy-momentum tensor [19].
A semiclassical approximation to light-front QCD fol-
lows from the LF Hamiltonian equation PµP
µ|ψ〉 =
M2|ψ〉 with P = (P−, P+,P⊥). In the limit mq → 0
the LF Hamiltonian for a qq bound state can be system-
atically reduced to a wave equation in the variable ζ [1](
− d
2
dζ2
− 1− 4L
2
4ζ2
+ U(ζ)
)
φ(ζ) = M2φ(ζ), (1)
where the effective potential U includes all interactions,
including those from higher Fock states. The orbital an-
gular momentum L = 0 corresponds to the lowest pos-
sible solution. The LF equation has similar structure of
wave equations in AdS, and can be embedded in AdS
space provided that ζ = z [1]. The precise mapping al-
lows us to write the LF confinement potential U in terms
of the dilaton profile which modifies AdS [20].
The separation of kinematic and dynamic components
can be extended to arbitrary integer-spin J by starting
from a dilaton-modified AdS action for a rank-J sym-
metric tensor field and ΦN1...NJ . Variation of the AdS
action leads to a general wave equation plus kinematical
constraints to eliminate lower spin from the symmetric
tensor [21]. LF mapping allows to determine the mass
function in the AdS action in terms of physical kinematic
quantities consistent with the AdS stability bound [22].
Similar derivation for arbitrary half-integral spin follows
for Rarita-Schwinger spinors in AdS [21]. In this case,
however, the dilaton term does not lead to an interac-
tion [23] and an effective Yukawa-type interaction has
to be introduced instead [24]. Embedding light-front
physics in a higher dimension gravity theory leads to
important insights into the nonperturbative structure of
bound state equations in QCD for arbitrary spin, but
does not answer how the effective confinement dynamics
is determined and how it can be related to the symme-
tries of QCD itself?
Conformal algebra underlies in LF holography the
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2scale invariance of the QCD Lagrangian [2]. It leads to
the introduction of a scale λ = κ2 and harmonic con-
finement, U ∼ λζ2, maintaining the action conformal in-
variant [2, 25]. The oscillator potential corresponds to a
dilaton profile and thus to linear Regge trajectories [26].
Extension to superconformal algebra leads to a specific
connection between mesons and baryons [4] underlying
the SU(3)C representation properties, since a diquark
cluster can be in the same color representation as an an-
tiquark, namely 3 ∈ 3 × 3. We follow [27] and define
the fermionic generator Rλ = Q+λS with anticommuta-
tion relations {Rλ, Rλ} = {R†λ, R†λ} = 0. It generates a
new Hamiltonian Gλ = {Rλ, R†λ} which closes under the
graded algebra [Rλ, Gλ] = [R
†
λ, Gλ] = 0. The generators
Q and S are related to the generator of time translation
H = 12{Q,Q†} [8] and special conformal transformations
K = 12{S, S†}: together with the generator of dilations D
they satisfy the conformal algebra. The new Hamiltonian
Gλ is an element of the superconformal (graded) algebra
and uniquely determines the bound-state equations for
both mesons and baryons [3, 4](
− d
2
dζ2
+
4L2M − 1
4ζ2
+ VM (ζ)
)
φM = M
2 φM , (2)(
− d
2
dζ2
+
4L2B − 1
4ζ2
+ VB(ζ)
)
φB = M
2 φB , (3)
including essential constant terms in the effective confine-
ment potential VM,B(ζ) = λ
2
M,B ζ
2 + 2λM,B(LM,B ∓ 1),
with λM = λB ≡ λ (equality of Regge slopes) and
LM = LB + 1 [28]. This is shown in Fig. 1. The
mass spectrum from (2-3) is M2M = 4λ(n + LM ) and
M2B = 4κ
2(n+ LB + 1) with the same slope in L and n,
the radial quantum number. Since [R†λ, Gλ] = 0, it fol-
lows that the state |M,L〉 and R†λ|M,L〉 = |B,L−1〉 have
identical eigenvalues M2, thus R†λ is interpreted as the
transformation operator of a single constituent antiquark
(quark) into a diquark cluster with quarks (antiquarks)
in the conjugate color representation. The pion, however,
has a special role as the unique state of zero mass which is
annihilated by R†λ, R
†
λ|M,L = 0〉 = 0: The pion has not
a baryon partner and thus breaks the supersymmetry.
Embedding in AdS is also useful to extend the super-
conformal Hamiltonian to include the spin-spin interac-
tion: From the spin dependence of mesons [21] one con-
cludes that Gλ = {Rλ, R†λ} + 2λs, with s = 0, 1 the
total internal spin of the meson or the spin of the di-
quark cluster of the baryon partner [31]. The lowest
mass state of the vector meson family, the ρ (or the
ω) is also annihilated by the operator R†, and has no
baryon partner: The effect of the spin term is an over-
all shift of the quadratic mass scale without a modifica-
tion of the LFWF as depicted in Fig. 1. The analysis
was consistently applied to the radial and orbital exci-
tation spectra of the pi, ρ,K,K∗ and φ meson families,
as well as to the N,∆,Λ,Σ,Σ∗,Ξ and Ξ∗ in the baryon
sector, giving the value κ =
√
λ = 0.523 ± 0.024 GeV
from the light hadron spectrum [31]. Contribution of
quark masses [32] are included via the Feynman-Hellman
theorem, ∆M2 = 〈∑qm2q/xq〉, with the effective values
mu = md = 46 MeV and ms = 357 MeV [6]. The com-
plete multiplet is obtained by applying the fermion oper-
ator R†λ to the negative-chirality component baryon wave
function [3, 6] φB = {ψ+(LB), ψ−(LB + 1)} leading to a
tetraquark bosonic partner, R†λ ψ− = φT , a bound state
of diquark and anti-diquark clusters with angular mo-
mentum LT = LB [31]: The full supermultiplet (Fig. 2)
contain mesons, baryons and tetraquarks [33]. A sys-
tematic analysis of the isoscalar bosonic sector was also
performed using the framework described here; the η′−η
mass difference is correctly reproduced [35].
We have shown in [36] that the basic underlying
hadronic supersymmetry still holds and gives remark-
able connections across the entire spectrum of light and
heavy-light hadrons even if quark masses break the con-
formal invariance. In particular, the L = 0 lowest mass
meson defining the K,K∗, η′, φ,D,D∗, Ds, B,B∗, Bs and
B∗s families examined in [36] has in effect no baryon part-
ner, conforming to the SUSY mechanism found for the
light hadrons. The analysis was extended in [37] by show-
ing that the embedding of the light-front wave equations
in AdS space nevertheless determines the form of the con-
fining potential in the LF Hamiltonian to be harmonic,
provided that: a) the longitudinal and transverse dynam-
ics can be factored out to a first approximation and b)
the heavy quark mass dependence determines the increas-
ing value of the Regge slope according to Heavy Quark
Effective Theory (HQET) [38]. This model has been
confronted with data in the detailed analysis performed
in [39] including tetraquarks with one charm or one bot-
tom quark as illustrated in Tables I and II. The double-
heavy hadronic spectrum, including mesons, baryons and
tetraquarks and their connections was examined in [40]
confirming the validity of the supersymmetric approach
applied to this sector. The lowest mass meson of each
family, the ηc, J/Ψ, ηB and Y have no hadronic partner
and the increase in the Regge slope qualitatively agrees
with the HQET prediction.
Embedding LF dynamics in AdS allow us to study the
infrared (IR) behavior of the strong coupling. In fact, it
is possible to establish a connection between the short-
distance behavior of the QCD coupling αs with JLab
long-distance measurements of αs from the Bjorken sum
rule [41–44]. In light front holography the IR strong
coupling is αIRs (Q
2) = αIRs (0)e
−Q2/4λ. One can ob-
tain ΛQCD from matching the perturbative (5-loop) and
nonperturbative couplings at the transition scale Q0 as
shown in Fig. 3. For
√
λ = 0.523 ± 0.024 GeV we find
ΛMS = 0.339± 0.019 GeV compared with the world av-
erage ΛMS = 0.332 ± 0.017 GeV and Q20 ' 1 GeV2.
Therefore, one can establish a connection between the
proton mass M2p = 4λ and the perturbative QCD scale
ΛQCD in any renormalization scheme.
An extensive study of form factors (FFs) [45] and par-
ton distributions [46, 47] has been carried out recently
3using an extended model based on the gauge-gravity
correspondence, light-front holography, and the gener-
alized Veneziano model [48–50]. The nonperturbative
strange and charm sea content of the nucleon has been
studied by also incorporating constraints from lattice
QCD [51, 52]. Meson [53] and nucleon transition form
factors, such as the proton to Roper N(1440)1/2+
transition, can also be described within the light-front
holographic framework [54, 55] and extended to other
nucleon transitions [56], such as the transition to the
∆(1232)3/2+, N(1520)3/2−, N(1535)1/2−,∆(1600)3/2+
and ∆(1620)1/2− states measured at CLAS [57].
Hadron FFs in the light-front holographic approach
are a sum from the Fock expansion of states F (t) =∑
τ cτFτ (t), where the cτ are spin-flavor coefficients and
Fτ (t) has the Euler’s Beta form structure [48–50]
Fτ (t) =
1
Nτ
B
(
τ − 1, 1− α(t)), (4)
where α(t) is the Regge trajectory of the vector meson
which couples to the quark current in the hadron. For
twist τ = N , the number of constituents in a Fock com-
ponent, the FF is an N − 1 product of poles
Fτ (Q
2) =
1(
1 + Q
2
M2n=0
)(
1 + Q
2
M2n=1
) · · · (1 + Q2
M2n=τ−2
) ,
(5)
located at −Q2 = M2n = (n + 1 − α(0))/α′, which gen-
erates the radial excitation spectrum of the exchanged
particles in the t-channel [6, 7]. The trajectory α(t) can
be computed within the superconformal framework and
its intercept α(0) incorporates the quark masses [51].
Using the integral representation of the Beta function
the FF is expressed in a reparametrization invariant form
F (t)τ =
1
Nτ
∫ 1
0
dxw′(x)w(x)−α(t) [1− w(x)]τ−2 , (6)
with w(0) = 0, w(1) = 1, w′(x) ≥ 0. The flavor FF
is given in terms of the valence GPD at zero skewness
F qτ (t) =
∫ 1
0
dx qτ (x) exp[tf(x)] with the profile function
f(x) and PDF q(x) determined by w(x)
f(x) =
1
4λ
log
( 1
w(x)
)
, (7)
qτ (x) =
1
Nτ
[1− w(x)]τ−2w(x)− 12w′(x). (8)
Boundary conditions at x → 0 follow from the expected
Regge behavior, w(x) ∼ x, and at x → 1 from the
inclusive-exclusive counting rules [13] qτ (x) ∼ (1−x)2τ−3
which imply w′(1) = 0. These physical conditions, to-
gether with the constraints written above, basically de-
termine the form of w(x). If the universal function w(x)
is fixed by the nucleon PDFs then the pion PDF is a pre-
diction [46]. The unpolarized PDFs for the nucleon are
compared with global fits in Fig. 4.
To study the polarized GPDs and PDFs we perform
a separation of chiralities in the AdS action: It allows
the computation of the matrix elements of the axial cur-
rent including the correct normalization, once the co-
efficients cτ are fixed for the vector current [47]. The
formalism incorporates the helicity retention between
the leading quark al large x and the parent hadron:
limx→1
∆q(x)
q(x) = 1, a perturbative QCD result [61]. It
also predicts no-spin correlation with the parent hadron
at low x: limx→0
∆q(x)
q(x) = 0. We compare our predictions
with available data for spin-dependent PDFs in Fig. 5
and for the ratio ∆q(x)/q(x) in Fig 6. The first lat-
tice QCD computation of the the charm quark contribu-
tion to the electromagnetic form factors of the nucleon
with three gauge ensembles (one at the physical pion
mass) was performed in [52]. It gives the necessary con-
straints to compute the nonperturbative intrinsic charm-
anticharm asymmetry c(x) − c(x) using the light front
holography approach. The results are shown in Fig. 7
(q+ ≡ q + q).
We have shown how the classical equations of mo-
tion for hadrons of arbitrary spin derived from the 5-
dimensional gravity theory have the same form of the
semiclassical bound-state equations for massless con-
stituents in LF quantization. The implementation of
superconformal algebra determines uniquely the form of
the confining interaction. This new approach to hadron
physics incorporates basic nonperturbative properties
which are not apparent from the chiral QCD Lagrangian,
such as the emergence of a mass scale and the connection
between mesons and baryons. In particular, the predic-
tion of a massless pion in the chiral limit is a consequence
of the superconformal algebraic structure and not of the
Goldstone mechanism. The structural framework of LF
holography also provides nontrivial connections between
the structure of form factors and polarized and unpo-
larized quark distributions with nonperturbative results
such as Regge theory and the Veneziano model.
Specific key results, such as the prediction of the ra-
tio ∆q(x)/q(x) at large x will be tested very soon in
upcoming experiments at JLab [70, 71]. The strange-
antistrange asymmetry could be explored in semi-
inclusive φ electroproduction with CLAS 12. Our study
of the nucleon to Roper transition form factor will be ex-
tended up to Q2 = 12 GeV for comparison with new
CLAS data. The prediction of hadron states within
superconformal multiplets of meson-baryon-tetraquarks
(for example the multiplets shown in Tables I and II)
can motivate the search for new tetraquark states. Many
other important applications to hadron physics based on
the holographic framework have been studied in addition
to the new developments described here; unfortunately it
is not possible to review them in this short overview and
we apologize to the authors in advance.
Contribution to the report “Strong QCD from Hadron
Structure Experiments” Jefferson Lab Workshop, 5-9
November, 2019. We are grateful to Alexandre Deur,
Tianbo Liu, Marina Nielsen, Raza Sabbir Sufian and
4Liping Zou who have contributed greatly to the physics
topics reviewed here. This research was partly sup-
ported by the Department of Energy, contract DE–
AC02–76SF00515. SLAC-PUB-17520.
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FIG. 1: Supersymmetric vector meson and ∆ partners
from Ref. [4] The experimental values of M2 for confirmed
states [30] are plotted vs LM = LB + 1. The solid line cor-
responds to
√
λ = 0.53 GeV. The ρ and ω mesons have no
baryonic partner, since it would imply a negative value of LB .
FIG. 2: Supersymmetric 4-plet representation of same-
mass and parity hadronic states {φM , ψB+, ψB−, φT } [31].
Mesons are interpreted as qq bound states, baryons as
quark-antidiquark bound states and tetraquarks as diquark-
antidiquark bound states. The fermion ladder operator R†λ
connects antiquark (quark) and diquark (anti-diquark) cluster
of the same color. The baryons have two chirality components
with orbital angular momentum L and L+ 1.
5FIG. 3: Matching the nonperturbative and perturbative cou-
plings regimes at 5-loop β-function in the MS renormaliza-
tion scheme and comparison with αs measurements from the
Bjorken sum rule. For
√
λ = 0.523 ± 0.024 GeV we obtain
ΛMS = 0.339± 0.019 GeV compared with the world average
ΛMS = 0.332± 0.017 GeV [44].
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FIG. 4: Comparison of xq(x) in the proton from LF holo-
graphic QCD [46] with global fits [58–60] for models I, II and
III in [47]. The results are evolved from the initial scale
µ0 = 1.06± 0.15 GeV [44].
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FIG. 5: Polarized distributions of the isovector combina-
tion x[∆u+(x)−∆d+(x)] in comparison with NNPDF global
fit [62] and experimental data [63–69]. Three sets of parame-
ters are determined from the Dirac form factor and unpolar-
ized valence distributions.
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